Impact of atmospheric pCO 2 , seawater temperature, and calcification rate on the δ 18 O and δ 13 C composition of echinoid calcite (Echinometra viridis)
The tropical echinoid Echinometra viridis was reared in controlled laboratory experiments at temperatures of approximately 20°C and 30°C to mimic winter and summer temperatures and at carbon dioxide (CO 2 ) partial pressures of approximately 487 ppm-v and 805 ppm-v to simulate current and predicted-end-of-century levels. Spine material produced during the experimental period and dissolved inorganic carbon (DIC) of the corresponding culture solutions were then analyzed for stable oxygen (δ 
13
C across treatments, with effects of pCO 2 and temperature controlled for through ANOVA. Therefore, calcification rate and potentially the rate of co-occurring dissolution appear to be important drivers of the kinetic isotope effects observed in the echinoid spines. Study results suggest that echinoid Δ
18
O monitors seawater temperature, but not atmospheric pCO 2 , and that echinoid Δ 13 C monitors atmospheric pCO 2 , with temperature moderating this relationship. These findings, coupled with echinoids' long and generally high-quality fossil record, support prior assertions that fossil echinoid Δ 18 O is a viable archive of paleo-seawater temperature throughout Phanerozoic time, and that Δ
13
C merits further investigation as a potential proxy of paleo-atmospheric pCO 2 . However, the apparent impact of calcification rate on echinoid Δ
18

O and Δ
13
C suggests that paleoceanographic reconstructions derived from these proxies in fossil echinoids could be improved by incorporating the effects of growth rate.
© 2015 Published by Elsevier B.V.
Introduction
The stable isotopic compositions of calcium carbonate minerals (δ 13 C, δ 18 O) are known to record changes in ocean temperature and atmospheric pCO 2 that have occurred throughout Earth history (e.g., Berner, 1990; Emiliani, 1955; Petit et al., 1999; Shackleton et al., 1983; Veizer et al., 2000; Weaver et al., 1997) . Echinoids are globally distributed benthic calcifiers with a relatively long fossil record, dating back to the Lower Cambrian (e.g., Lebrato et al., 2010; Paul and Smith, 1984) . They also tend to be well preserved in the fossil record owing to the hydrophobic organic matter that encapsulates their spines and plates (Dickson, 2002 (Dickson, , 2004 O'Malley et al., 2013) and inhibits diagenetic resetting of their stable isotopic signatures, rendering echinoids a potentially valuable geochemical archive of ancient seawater conditions.
Numerous studies have investigated the impacts of seawater temperature on oxygen and carbon isotope fractionation within echinoderm Mg-calcite (e.g., Baumiller, 2001; Gorzelak et al., 2012; Richter and Bruckschen, 1998; Weber, 1968) . Analysis of 116 modern ophiuroid (brittle star) skeletons showed a positive correlation between δ 13 C and temperature, a negative correlation between δ
18
O and temperature, and a weakly positive correlation between δ 13 C and δ
O (Weber, 1968) . A negative correlation between δ
O and temperature was also observed for modern crinoids with no significant correlation between δ 13 C and temperature (Weber, 1968) . In addition to observing a negative correlation between δ 18 O and temperature, Gorzelak et al. (2012) also noted a weak positive correlation between δ 13 C and δ 18 O within the extant crinoid Metacrinus rotundus, which they asserted may have been confounded by metabolic factors such as respiration and/or diet. Richter and Bruckschen (1998) found the δ
O of tests of the echinoid Echinocyamus pusillus to be positively correlated with salinity, negatively correlated with meteoric water input, and negatively correlated with temperature. Collectively, these results suggest that echinoderm δ may provide a useful proxy of paleoseawater temperature, while the potential impacts of seawater temperature on echinoderm δ 13 C may be complicated by other environmental and/or metabolic factors that affect carbon isotope fractionation. Equilibrium fractionation of oxygen and carbon isotopes occurs among species of dissolved inorganic carbon (DIC) as a function of seawater temperature once isotopic equilibrium is reached (e.g., McCrea, 1950) . Abiotic precipitation experiments have confirmed that δ 18 O (e.g., Beck et al., 2005; Wang et al., 2013; McCrea, 1950 ) and δ 13 C (McCrea, 1950; Zhang et al., 1995) of seawater DIC species vary inversely with temperature in a manner consistent with equilibrium isotope fractionation. However, abiogenic calcite precipitation experiments performed by Romanek et al. (1992) revealed calcite to be approximately 1‰ enriched in 13 C relative to HCO 3 − with no significant correlations between δ 13 C and temperature, indicating that kinetic factors can lead to disequilibrium fractionation of carbon and oxygen isotopes even in abiotically precipitated carbonates.
Carbon and oxygen isotopic disequilibrium has also been observed in numerous studies of biogenic carbonates, apparently due to the biological processes involved in calcification (Adkins et al., 2003; Bemis et al., 2000; Gorzelak et al., 2012; McConnaughey, 1989a; Weber, 1968; Weber and Raup, 1966; Zeebe, 1999) . Adkins et al. (2003) proposed a novel vital effect for the deepwater corals Desmophyllum cristagalli and Lophelia sp., in which apparent isotopic disequilibrium of δ 13 C is established by mixing of carbon reservoirs driven by a pH gradient across the cell membrane at the site of calcification, with δ 18 O disequilibrium driven by pH induced DIC speciation. Bemis et al. (2000) observed the calcite of the foraminifera Orbulina universa to have δ 13 C that is approximately 1‰ more positive than seawater DIC when grown in low light conditions and attributed this disequilibrium to kinetic isotope effects arising from selective uptake of lighter isotopes by organic matrices surrounding the site of calcification. Rates of calcification have also been shown to impart kinetic isotope effects, resulting in shell δ 13 C that is up to 10-15‰ lighter than seawater DIC and shell δ 18 O that is up to 4‰ lighter than seawater DIC (McConnaughey, 1989a) . Negative correlations have also been observed between rates of respiration and δ 13 C of seawater DIC (McConnaughey, 1989a) . Because echinoderms lack structurally complex respiratory systems, perivisceral coelomic fluids must transport respired CO 2 throughout the organism (Weber, 1968) . Stumpp et al. (2012) also demonstrated that larval echinoids have a leaky integument, indicating that their intracellular fluid is exposed to changes in the pH of their extracellular fluid, which is directly impacted by pH changes in ambient seawater-although they also demonstrated that echinoids are able to control pH of their intracellular fluid. Collectively, these studies indicate that ambient seawater (heavier isotope signal) and respired seawater (lighter isotope signal) are mixed within the echinoderm tissue, suggesting that seawater pH, growth rate, and respiration are all important factors to consider when investigating the source of isotopic disequilibrium in biogenic carbonates such as echinoid spines.
Prior studies have also investigated phylogenetic and intraspecimen variability in the stable isotopic disequilibria (δ 13 C, δ 18 O) of echinoderm skeletons (Gorzelak et al., 2012; Weber and Raup, 1966; Weber and Raup, 1968) . A study of 45 families of fossil echinoderms found that the δ 13 C and δ
O composition of their tests varied among families, as well as among different skeletal elements within individuals (Weber and Raup, 1968) . That study concluded that the overall variation in the stable isotopic composition of echinoderms has increased throughout geologic time as the phylum diversified (Weber and Raup, 1968) . Gorzelak et al. (2012) also identified approximately 10‰ variations in δ 13 C among clades of crinoids and significant variability in the stable isotopic composition of extant crinoids-across species, across individuals within a given species, and across skeletal elements within a given individual. Likewise, Weber and Raup (1966) found that aboral spines of Echinometra lucunter are enriched in 13 C and 18 O relative to spines located closer to the mouth and that tests were generally depleted in 13 C and 18 O relative to spines. They also found no significant variation in stable isotopic composition across the length of the spine. These studies reveal variability in echinoderm δ 18 O and δ 13 C across species, individuals, and skeletal elements. This variability must be taken into account when employing these isotopes in paleoceanographic reconstructions. Although Weber (1973) originally proposed that echinoids are prone to diagenesis and thus poorly suited for paleoceanographic reconstructions, Dickson (2002 Dickson ( , 2004 found echinoderm stereom calcite to be unusually well preserved throughout the geologic record owing to its encasement in hydrophobic organic matter. Echinoderms' unique quality of preservation in the fossil record enabled Dickson to reconstruct the Phanerozoic history of seawater Mg/Ca from the Mg/Ca of fossil echinoderms. Although Hasiuk and Lohmann (2008) et al. (2013) attributed the crinoids' high quality preservation to their deposition in fine-grained sediments that inhibited the flow of diagenetic fluids, and also to the absence of metamorphism at the crinoid collection site. These findings collectively suggest that wellpreserved fossilized echinoderms are a potentially valuable and relatively underutilized archive of paleoceanographic conditions. The objective of the present study is to investigate the impact of seawater temperature and atmospheric pCO 2 on the δ 13 C and δ 18 O composition of Mg-calcite produced by Echinometra viridis, a cryptic rock-and reef-dwelling echinoid found throughout the Caribbean Sea (McPherson, 1969) . The results of the present study reveal the utility and limitations of echinoid δ 13 C and δ 18 O as a proxy of paleoseawater temperature and atmospheric pCO 2 and provide insight into the mechanisms of echinoid calcification.
Materials and methods
Echinoid culture experiment
Approximately 44 specimens of the tropical echinoid E. viridis were collected near Key Largo in southern Florida and reared for 60 days in a three-way replicated two-way factorial experiment in which low (circa 487 ppm-v) and high (circa 805 ppm-v) pCO 2 treatments were crossed with low (circa 20°C) and high temperature treatments (circa 30°C; see Courtney et al., 2013 , for detailed methods). In brief, the urchins were reared in 34 L aquaria filled with seawater of salinity 32.06 (SE = 0.02), formulated from deionized water mixed with Instant Ocean Sea Salt-identified in a prior study as the commercial sea salt that best replicates the chemical composition of natural seawater (Atkinson and Bingham, 1998) . The aquaria were filtered at 757 L/h with activated carbon in a floss-filter cartridge and illuminated for 10 h/day at 884 (SE = 38) Lux. Experimental aquaria were allowed to equilibrate with the bubbled gas mixture for 24-h prior to the beginning of the rearing experiment. The echinoids were fed to satiation every other day with approximately 60 mg of dehydrated marine green algae per tank. Net calcification rates were estimated from changes in the echinoids' buoyant weight between the beginning and end of the experiment. Details regarding application of the buoyant weight method to estimating net calcification rates of echinoids are available in the supplementary information of Ries et al. (2009) .
The actual pCO 2 and temperature for the four treatments (± SE) were: (1) 20.3 ± 0.1°C and 524 ± 33 ppm-v; (2) 20.6 ± 0.1°C and 827 ± 37 ppm-v; (3) 30.0 ± 0.1°C and 448 ± 27 ppm-v; and (4) 29.9 ± 0.1°C and 783 ± 45 ppm-v (Table 1) . The lowtemperature treatments were circulated and cooled by pumping the aquarium seawater through tubes coiled in a sufficiently low temperature water bath maintained by a 1 HP aquarium chiller. The hightemperature treatments were maintained with 50 W heaters and circulated with powerheads at 400 L/h. The low-pCO 2 gas was supplied to the laboratory through an in-house compressor and was sourced from air outside of the laboratory building. The high-pCO 2 gas was formulated by mixing pure compressed CO 2 gas with the low-pCO 2 gas using digital, solenoid-valve mass flow controllers. The gases were bubbled into the aquaria via 6-inch porous ceramic airstones that were secured to the bottom of each aquarium. Gas pCO 2 (Table 1) was measured with a Qubit S151 infrared pCO 2 analyzer calibrated with certified air-CO 2 gas standards and commercial air-CO 2 gas mixtures (calibrated using certified air-CO 2 gas standards; precision = ±2.0%; accuracy = ±1.8%).
Temperature within the experimental aquaria (Table 1) was measured every other day with a NIST-calibrated partial-immersion organic-filled glass thermometer. Seawater pH (Table 1) was measured every other day with a Thermo Scientific Orion 2 Star benchtop pH meter and an Orion 9156BNWP probe, calibrated with certified NBS 7.00 and 10.01 Orion buffers (for slope of the calibration curve) and with seawater standards of known pH provided by the laboratory of Prof. A. Dickson of Scripps Institution of Oceanography (for y-intercept of the calibration curve). A VINDTA 3C (MARIANDA corporation) was used to make weekly measurements of DIC via coulometry (UIC 5400) and total alkalinity (TA) via closed-cell potentiometric titration (Table 1) . The program CO 2 SYS (Lewis and Wallace, 1998) was used to calculate the other seawater carbonate system parameters (Table 1) using measured seawater temperature, pH, salinity, and alkalinity, Roy et al. (1993) values for the K 1 and K 2 carbonic acid constants, the Mucci (1983) value for the stoichiometric aragonite solubility product, and an atmospheric pressure of 1.015 atm. Measured pCO 2 of the introduced gases was within 7.5%, 3.4%, 8.1%, and 2.2% of equilibrium pCO 2 calculated from the measured carbonate system parameters for the 20.3°C/524 ppm-v, 20.6°C/827 ppm-v, 30.0°C/448 ppm-v, and 29.9°C/783 ppm-v treatments, respectively ( Table 1 )-indicating that the experimental seawaters were near equilibrium with the introduced gases. Since the gas-water equilibration time is orders of magnitude longer than the time required to establish isotopic equilibrium between the various DIC pools, the isotopic composition of the DIC pools should be even closer to equilibrium than the gas-seawater systems. Nevertheless, it should be noted that any isotopic disequilibrium between the DIC species within the experimental seawaters, no matter how small, may limit application of the study results to reconstructing temperature and pCO 2 for a natural seawater system with DIC reservoirs that are closer to isotopic equilibrium.
Spine sampling and preparation
Three to five spines up to approximately 5 mm in length were sampled from anatomically equivalent zones of newly formed spines around the echinoids' mouths to ensure that the sampled material was produced exclusively under the experimental conditions. Spines of a given echinoid specimen were combined and gently ground to a fine powder for approximately 30 s using an agate mortar and pestle, which was cleaned with a 1 M hydrochloric acid solution and then rinsed with 95% ethanol between samples. (Table 2) . Approximately 119 (SE = 4) μg of powdered spine material was analyzed per echinoid. Spine material was placed in Exetainer vials and flushed with ultra-high purity helium for 5 min. Each echinoid sample was then reacted with 3-4 drops of 100% phosphoric acid for 24 h at 25°C to liberate all CO 2 from the echinoid spine material. One mL seawater samples (9 weekly subsamples from each of the four treatments, n = 36) were reacted with 5 drops of 98% phosphoric acid at 25°C in rubberseptum-sealed Exetainer vials flushed for 5 min with ultra-high purity helium, and allowed to equilibrate for 20 h prior to analysis. The liberated CO 2 -gas was analyzed using a ThermoFinnigan GasBench II with an inline Finnigan MAT 253 isotope ratio mass spectrometer in continuous flow mode. C DIC are the average stable isotopic composition of 9 water samples per treatment, collected weekly throughout the duration of the experiment. δ 13 C DIC of the high-pCO 2 treatments were greater than δ 13 C DIC of the low-pCO 2 treatments because of the relatively light δ 13 C composition of the methane-derived CO 2 source-gas compared with the compressed air obtained from outside of the laboratory that was used in the low-pCO 2 treatments. These differences in δ 13 C DIC among treatments were normalized by expressing isotope effects as the difference in δ 13 C between the echinoid calcite and DIC of the culture solution (i.e., Δ 13 C = δ 13 C e − δ 13 C DIC ). O was determined by the relative abundance of each DIC species, as calculated from TA, DIC, salinity, and temperature of the internal standard (see Beck et al., 2005; Wang et al., 2013) . Repeat analyses of the internal standard throughout the sample queue yielded a precision and accuracy better than 0.15 and 0.35‰, respectively.
Statistical analysis
All statistical analyses and calculations were conducted using the statistical package R (version 3.0.2). Linear models were used to assess the individual and additive effects of temperature and pCO 2 on the fractionation (Δ 
(notations adapted from Bemis et al., 2000) . This approach accounts for the relatively light δ 13 C DIC and δ
13
C e in the high-pCO 2 treatments that result from the relatively light δ 13 C composition of the methane-derived CO 2 source-gas (e.g., Suess, 1955) . Calcification rates of individual echinoids were also linearly modeled against individual echinoid Δ 18 O and Δ 13 C to assess the effects of calcification rate on stable isotope fractionation when the effects of temperature and pCO 2 are controlled for statistically. The statistical significance of these linear models was assessed with ANOVA.
Results
Impacts of temperature and pCO 2 on echinoid Δ
O
The Δ
18
O for each echinoid (Table 2 ) was modeled against seawater temperature (Table 3 , Fig. 1 ) and seawater pCO 2 (Table 3, Fig. 2 ). Echinoid Δ
O was inversely correlated with temperature under both low and high-pCO 2 conditions (Fig. 1) , but was not correlated with pCO 2 under either the low or high-temperature conditions (Fig. 2) . Oneway ANOVA confirms that Δ 18 O is a statistically significant (p = 0.0003) predictor of seawater temperature, whereas two-way ANOVA confirms that neither pCO 2 nor any model involving the additive or interactive effects of temperature and pCO 2 is a statistically significant (p N 0.05) predictor of Δ
O (Table 3 , Fig. 2 ). The linear model describing the relationship between temperature and echinoid Δ
O is:
Substantial interspecimen variability (1-2‰) was observed for echinoid Δ 18 O within each of the four experimental treatments ( Figs. 1 and 2 ). Repeated analysis of carbonate reference material yielded a precision better than 0.12‰ for δ 18 O, indicating that the observed within-treatment variability in Δ 18 O reflects true interspecimen variability, rather than analytical error.
3.2. Impacts of temperature and pCO 2 on echinoid Δ
C
The Δ 13 C for each echinoid (Table 2 ) was modeled against pCO 2 (Table 3 , Fig. 3 ) and seawater temperature (Table 3 , Fig. 4 ). Echinoid Δ 13 C was positively correlated with pCO 2 under both low-and hightemperature conditions (Fig. 3) . Echinoid Δ 13 C was not significantly correlated with temperature under the low-pCO 2 conditions, but was significantly negatively correlated with temperature under the highpCO 2 conditions (Fig. 4) . One-way ANOVA (Table 3) confirms that pCO 2 is a statistically significant (p b 0.0001) predictor of Δ 13 C, but that temperature is not (p N 0.05). The linear model describing this relationship is:
However, two-way ANOVA reveals that the additive effects of temperature and pCO 2 are significant (p b 0.05) predictors of Δ 13 C (Table 3 ). The linear model describing this relationship is:
A. Low-temperature B. High-temperature Substantial within-treatment variability (4-10‰) was also observed for echinoid Δ 13 C within each of the four experimental treatments.
Repeated analysis of carbonate reference material yielded a precision better than 0.06‰ for δ 13 C, indicating that the observed withintreatment variability in Δ 13 C reflects true interspecimen variability, rather than analytical error.
Correlation between echinoid Δ
18
O and Δ
13
C Echinoid Δ
18
13
C exhibited clear correlation both across temperature-pCO 2 treatments (Fig. 5 ) and within temperature-pCO 2 treatments (Fig. 6 ). Linear modeling (one-way ANOVA; Table 3 , Figs. 5 and 6) confirmed a statistically significant (p = 0.006) relationship between echinoid Δ 18 O and Δ 13 C, which is described by the following equation:
Sequential multivariate ANOVA (Table 3 ) reveals that this statistically significant correlation between Δ
18
13
C persists even when the effects of temperature, pCO 2 , and calcification rate (potential drivers of the correlation) are controlled for.
Impacts of calcification rate on Δ
18
O and Δ Courtney et al. (2013) found that calcification rates for the same specimens of E. viridis investigated in the present study are positively correlated with temperature (20 to 30°C) and inversely correlated with atmospheric pCO 2 (448 to 827 ppm-v). These results suggest that the echinoid E. viridis will be negatively impacted by CO 2 -induced ocean acidification that is predicted for the end of this century and that these effects will be more severe during the colder, winter months and in cooler-water regions (Courtney et al., 2013) .
C
Here, linear models (Table 3 ) were used to model the effects of calcification rate on Δ 18 O (Fig. 7 ) and Δ 13 C (Fig. 8) . Three-way ANOVA shows that calcification rate and temperature are statistically significant (p b 0.05) predictors of Δ
18
O, but that pCO 2 is not (p N 0.05). The linear model describing this relationship is:
Three-way ANOVA also shows that calcification rate, temperature and pCO 2 are statistically significant (p b 0.05) predictors of Δ 13 C (Table 3 , Fig. 8 ). The linear model describing this relationship is:
4. Discussion
Echinoid Δ
O
Results of the present study show that Δ 18 O within spines of the tropical echinoid E. viridis declines as seawater temperature increases from circa 20 to 30°C. However, echinoid spine Δ
18
O did not exhibit a statistically significant response (Fig. 2, Table 3 ) to increasing pCO 2 (circa 448 to 827 ppm-v). Adkins et al. (2003) argued that the relationship between seawater temperature and CaCO 3 δ 18 O is influenced by thermally induced changes in the vibrational frequency of carbonate molecules. Within the discrete biologically mediated calcification sites of corals, which also appear to exist within echinoderms (e.g., Politi et al., 2004; Stumpp et al., 2012; Wilt, 2002) , the pH gradient across the site of calcification, the shape and size of the calcification site, and the isotopic composition of respired CO 2 will each introduce 'vital effects' that impact the equilibrium fractionation of stable isotopes within the biogenic CaCO 3 ( Table 3 ) is consistent with established relationships between seawater temperature and CaCO 3 δ 18 O, as calculated from equilibrium thermodynamic principles (McCrea, 1950) and as observed within the skeletons of deepwater corals (Adkins et al., 2003) and within the spines and tests of various other species of echinoderms (Baumiller, 2001; Gorzelak et al., 2012; Richter and Bruckschen, 1998; Weber, 1968) .
This study also identifies a statistically significant inverse correlation between echinoid Δ 18 O and calcification rates (Fig. 7, Table 3 ), which is consistent with trends observed for scleractinian corals (Erez, 1978; Land et al., 1975; Weil et al., 1981) . This inverse relationship between Δ
O and calcification rate is likely due to kinetic isotope effects associated with CO 2 hydration and hydroxylation, which McConnaughey (1989a) proposed as a mechanism for the simultaneous depletion of 13 C and 18 O within CaCO 3 produced by rapidly growing echinoids and by a range of other rapidly calcifying marine organisms.
Echinoid Δ
C
Results of the present study show that Δ 13 C of spines within the tropical echinoid E. viridis is positively correlated with pCO 2 . No statistically significant correlation was observed between echinoid spine Δ 13 C and the solitary predictor of seawater temperature for all individuals in this experiment, but a significant inverse correlation between Δ 13 C and temperature was observed for the high-pCO 2 treatments (Fig. 4, Table 3 ). Furthermore, multiple regression analysis revealed that the additive effects of pCO 2 and temperature were significantly correlated with Δ 13 C ( Table 3 ). The observation that the single-variate effect of temperature on Δ 13 C is not significant, while the single-variate effect of pCO 2 on Δ
13
C and the multivariate effect of temperature and pCO 2 on Δ
C are significant, suggests that temperature may influence Δ 13 C indirectly via moderation of the more fundamental pCO 2 -Δ 13 C relationship. The lack of a statistically significant single-variate relationship between echinoid Δ 13 C and seawater temperature in this study was also observed for skeletons of modern crinoids (Weber, 1968) . However, the positive correlation between temperature and Δ 13 C in the multivariate analysis performed here is consistent with a positive correlation observed between seawater temperature and the skeletal δ 13 C of modern ophiuroids (Weber, 1968) . These results underscore the complexity of the relationship between temperature and echinoderm Δ 13 C (DeNiro and Epstein, 1978; Gorzelak et al., 2012; McConnaughey, 1989a,b; Weber, 1968) , which the present study suggests may arise indirectly from the thermal moderation of the more fundamental pCO 2 -Δ 13 C relationship. The increase in Δ
C observed between the low and high-pCO 2 treatments of the present study (up to 16‰) are too high to be explained through equilibrium isotope fractionation and, thus, require one or more mechanisms of kinetic isotope fractionation. One possible mechanism of kinetic isotope fractionation is that the echinoids are utilizing HCO 3 − (e.g., Bijma et al., 1999; Zeebe, 1999; Zhang et al., 1995) in their calcification process, which they may deprotonate by removing protons from their calcifying fluid (e.g., Romanek et al., 1992; Cohen and McConnaughey, 2003; Adkins et al., 2003; Ries, 2011) , and which is isotopically heavier than CO 3 2− and the total DIC pool. However, this mechanism can only explain a small amount of the total disequilibrium (up to 16‰) observed in the present study, as δ O and Δ
C for the echinoid E. viridis varies among the low-temperature/low-pCO 2 (A), low-temperature/high-pCO 2 (B), high-temperature/ low-pCO 2 (C), and high-temperature/high-pCO 2 (D) treatments. This variability may be driven by differences in metabolic rates of the echinoids among the treatments. Data represent individual echinoid specimens. Solid line is the least-squares linear regression of the data. Dashed lines represent the 95% confidence interval of the regression. calcification rate and Δ
C was observed across treatments (with the effects of temperature and pCO 2 on Δ 13 C controlled for through ANOVA; Fig. 8 , Table 3 ). The direction and magnitude of this correlation is consistent with the kinetic isotope effects of calcification rate observed in various calcifying taxa by McConnaughey (1989a, b) , in crinoids (Gorzelak et al., 2012) , in deepwater scleractinian corals (Adkins et al., 2003) , and in planktonic foraminifera (Bijma et al., 1999) .
A third potential driver of kinetic isotope fractionation, related to the calcification mechanism discussed above, is selective dissolution of CaCO 3 molecules containing isotopically lighter 12 C-isotopes CO 3 bonds are weaker than Ca-13 CO 3 bonds, as bond strength is proportional to ionic mass; Bigeleisen and Mayer, 1947) , which would effectively enrich the remaining undissolved CaCO 3 in 13 C. Skidmore et al. (2004) showed that partial dissolution can enrich the δ 13 C composition of carbonate sediments by 5-15‰, which is consistent with the relatively large isotope fractionation (up to 16‰) observed for the high-CO 2 treatments, where calcite dissolution rates were highest and the resulting kinetic isotope effects would have been greatest. Dissolution-driven isotope fractionation could potentially even operate within specimens exhibiting net calcification, as recent work suggests that net calcification within marine calcifiers is commonly the product of co-occurring gross calcification and gross dissolution of their shell or skeleton-the balance of which determines whether they are calcifying or dissolving on a net basis (e.g., Ries, 2011; Rodolfo-Metalpa et al., 2011) . However, further research is needed to assess the impact of dissolution on stable isotope fractionation within biogenic carbonates.
It should be noted here that echinoids reared under the same experimental pCO 2 -temperature conditions in this study exhibited substantial variability in Δ avg. = −25.7‰, SE = 0.1‰). The significant correlation between calcification rate and Δ 13 C suggests that the interspecimen variability in Δ 13 C within temperature-pCO 2 treatments results from the kinetic isotope effects of within-treatment variability in calcification and/or dissolution rates. O and Δ
Echinoid
13
C persists even when the effects of temperature, pCO 2 , and calcification rate are controlled for through sequential multivariate ANOVA (Table 3 ), suggesting that the correlation is driven by some factor(s) not quantified in the present experiment. Weber (1968) The present study identified a strong negative correlation between seawater temperature and Δ
18
O within spines of the echinoid E. viridis (Fig. 1, Table 3 ). This observation is consistent with negative correlations identified between Δ 18 O and seawater temperature for modern ophiuroids (Weber, 1968) , modern crinoids (Baumiller, 2001) , and extant crinoids (Gorzelak et al., 2012 Veizer et al., 1999) . This paleo-temperature proxy for E. viridis can be defined by the following algorithm:
The apparent lack of relationship between atmospheric pCO 2 (seawater pH) and echinoid Δ 18 O observed in the present study (Fig. 2 , Table 3 ) is also supportive of the application of the echinoderm-based δ 18 O proxy of paleoseawater temperature, as it suggests that paleoatmospheric pCO 2 and paleoseawater pH need not be known (or corrected for) over the interval that the paleothermometer is applied. However, the observed impact of calcification rate on echinoid Δ 18 O and Δ 13 C suggests that paleoceanographic reconstructions derived from these proxies in fossil echinoids could be improved by incorporating the effects of calcification rate. The present study also found that temperature and atmospheric pCO 2 had a statistically significant effect on echinoid Δ 13 C, with pCO 2 being the primary driver (i.e., pCO 2 was statistically significant as a single-variate predictor of Δ 13 C) and temperature being a secondary driver (i.e., temperature was only statistically significant as a multivariate predictor of Δ 13 C in conjunction with pCO 2 ; Table 3 ). Although the observed secondary relationship between temperature and echinoid Δ 13 C is not strong enough to support its use in paleotemperature reconstruction, the observed primary relationship between pCO 2 and echinoid Δ 13 C may be sufficiently robust to support reconstruction of paleo-pCO 2 , as long as seawater temperature and δ
13
C DIC are known. This paleo-pCO 2 proxy for E. viridis can be defined by the following algorithm:
Substitution of the δ 18 O-based temperature proxy (Eq. (3)) for E. viridis for the temperature factor in the paleo-pCO 2 proxy yields: well-preserved so as to retain close to their primary isotopic signatures. Work focused on reconstructing ancient seawater Mg/Ca from the Mg/Ca of fossil echinoderms (Dickson, 2002 (Dickson, , 2004 ) and a recent study documenting high-quality preservation of echinoderm-specific organic molecules within fossil crinoids of lower Mississippian age (340 Ma; O'Malley et al., 2013) suggest that echinoderms may be particularly well suited for preserving biogeochemical proxies. Dickson (2002 Dickson ( , 2004 attributed this to the encapsulation of their fossilized skeletal elements by relatively hydrophobic organic matter that seals them off from diagenetic waters that would otherwise reset their primary geochemical signatures.
Echinoderms are well-suited for paleotemperature reconstructions due to their long fossil record dating back to the Lower Cambrian (Paul and Smith, 1984) , their relatively high abundance and ubiquitous distribution across most marine facies (Lebrato et al., 2010) , their generally high quality of preservation in the fossil record (Dickson, 2002 (Dickson, , 2004 O'Malley et al., 2013) , their empirically demonstrated ability to record seawater temperatures in the δ 18 O of their spines (Weber, 1968; Baumiller, 2001; Gorzelak et al., 2012 ; this study), and their apparent lack of correlation between skeletal δ 18 O and pCO 2 (pH). The observed relationship between Δ
C and pCO 2 , although complicated by the apparently moderating effects of temperature, should compel future investigations into potential echinoid-based δ 13 Cproxies of paleo-atmospheric pCO 2 .
The application of these echinoid-based paleoceanographic proxies must be considered within the context of other independent proxies of paleotemperature and paleo-pCO 2 to control for the potential influences of diagenetic alteration, paleoseawater salinity, diet, calcification rate, and local river water input on echinoid calcite δ 18 O and δ 13 C (Richter and Bruckschen, 1998) . Although calcification rate was shown to significantly impact both δ
18
O and δ
13
C of the echinoid tests (Eqs. (7), (8); Table 3 ), the magnitude of these effects were generally small compared to the primary factors of temperature and/or pCO 2 (Table 3) . This, combined with the difficulty in estimating calcification rates of fossils, prompted exclusion of the calcification rate variable from the paleo-proxy regressions presented above (Eqs. (9), (10), (11)). If, however, calcification rates can be reasonably estimated for fossil echinoids employed in the paleo-reconstructions, e.g., through analysis of seasonal or annual banding within the skeleton, then paleoceanographic reconstructions derived from fossil echinoid Δ 18 O and Δ 13 C could be improved by incorporating the effects of echinoid growth rate (Eqs. (7) and (8); Table 3 ). Phylogenetic differences in the temperature-Δ
18
O and pCO 2 -Δ 13 C relationships of echinoderms through time may also complicate the application of these paleoceanographic proxies to evolutionarily distal echinoderms (Weber and Raup, 1968) . Nevertheless, application of the E. viridis Δ 18 O-paleothermometer and Δ 13 C-paleo-pCO 2 -proxy to analogous well-preserved skeletal elements of closely related echinoderms, considered within the framework of the seawater δ
O DIC and δ 13 C DIC time-curves, may yield novel records of seawater temperature and atmospheric pCO 2 throughout much of Phanerozoic time.
Conclusions
Analysis of stable isotopes of oxygen (δ 18 O) and carbon (δ 13 C) within spines of the tropical echinoid E. viridis reared in replicated laboratory experiments under different temperature and pCO 2 conditions reveal that: (1) Δ
18
O has a significant inverse relationship with temperature and no significant relationship with pCO 2 ; (2) Δ 13 C has a significant positive relationship with pCO 2 (major) and a significant inverse relationship with temperature (minor); (3) echinoid calcification rate has significant inverse relationships with both Δ
O and Δ 13 C; and (4) Δ
O is significantly positively correlated with Δ 13 C, even after controlling for the effects of pCO 2, temperature, and calcification rate. These results are consistent with prior studies suggesting that fossil echinoderm Δ
O holds promise as a geochemical proxy of paleo-temperature that could be applied throughout much of Phanerozoic time and also suggest that echinoid Δ 13 C merits further investigation as a potential proxy of paleoatmospheric pCO 2 . However, the observation that calcification rate significantly impacts echinoid Δ
O and Δ 13 C suggests that paleoceanographic reconstructions derived from fossil echinoid Δ
O and Δ 13 C could be improved by incorporating the effects of echinoid growth rate.
